Introduction
Essential hypertension is a major independent risk factor of cardiovascular and cerebrovascular diseases such as myocardial infarction and stroke. In order to achieve a maximal reduction in the risk of morbidity and mortality, hypertensive patients usually need constant drug therapy to get their blood pressure well controlled. Benazepril, a long-acting angiotensin-converting enzyme (ACE) inhibitor, has been widely used in the treatment of hypertension. However, there is a significant individual variation in response to this drug. It has been estimated that an oral administration of 10 mg benazepril once a day is only effective in about 50% patients with mild-to-moderate hypertension (Balfour and Goa 1991) . The causes underlying such variations remain to be elucidated, and interactions among multiple genetic and environmental factors could be involved.
Methionine synthase (MTR), a key enzyme in homocysteine (Hcy) metabolism, catalyzes the remethylation of Hcy to form methionine. An enhanced function of MTR will lead to a decreased plasma Hcy level. An A-to-G substitution of the MTR gene, which results in the conversion of an aspartic acid residue to a glycine residue at codon 919 (D919G), was found to play a role in regulating plasma Hcy levels. A higher level of Hcy was shown in subjects with the 919D allele than in those with the 919G allele (Chen et al. 2001; Harmon et al. 1999) . As a risk factor of myocardial infarction (Stampfer et al. 1992 ) and stroke (Perry et al. 1995) , Hcy was also found to be associated with blood pressure levels in several studies (Fiorina et al. 1998; Lim and Cassano 2002; Nygard et al. 1995; Sutton-Tyrrell et al. 1997) . Since shared factors can underlie both disease pathogenesis and its associated drug's efficacy, this naturally leads us to the hypothesis whether the D919G polymorphism of the MTR gene could explain part of the individual variation in response to benazepril.
Recently, we conducted a large-scale, genetic epidemiologic study in Chinese hypertensive patients and their families to investigate the association between the D919G polymorphism of the MTR gene and the antihypertensive effect of benazepril using both populationbased and family-based association tests.
Materials and methods

Study population
The study was conducted in Huoqiu and Yuexi Counties of Anhui Province, China, from July 2000 to May 2001, and the study design has been described previously (Li et al. 2004 ). In brief, hypertensive patients were enrolled into the study using the following criteria: The study subject (1) was 21-65 years old, (2) resided in Huoqiu or Yuexi County for at least 2 years, (3) took no antihypertensive or other medications 2 weeks prior to this study, (4) had a baseline systolic blood pressure (SBP) of 140-200 mmHg or had a baseline diastolic blood pressure (DBP) of 90-120 mmHg, (5) had a body mass index (BMI) £ 33 kg/m 2 , (6) was not diagnosed with secondary hypertension, and (7) was not diagnosed with severe liver dysfunction, severe kidney dysfunction, myocardial infarction, or other diseases that may either interfere with the drug efficacy or the patient's safety. Patients' family members (parents and/or siblings) were also invited to our study. All participants signed informed consents prior to their inclusion. The study procedure was approved by the Institutional Review Boards of both Anhui Medical University and Harvard School of Public Health.
Study procedure
Patients came to the study center around 8:00A.M.with an overnight fasting on the first day and had their baseline blood pressure measured. After a detailed examination and questionnaire were administered, they began to take benazepril (Ciba-Geigy, Beijing, China) at a dose of 10 mg around 9:30 A.M. once a day for a consecutive period of 15 days. Patients took no other medication that may influence blood pressure during this period. They visited our study center every 3 days both to get examined and to receive benazepril for the next 3 days. Patients were also asked to keep their diaries to collect the information on drug responses, medical history, and lifestyle changes in the follow-up period. On the 16th day, patients returned to the study center around 8:00 A.M. and had their end-point blood pressure measured 24 h after the last benazepril tablet was taken. Blood pressure measurement was performed following a standard protocol. In brief, supine blood pressure was measured on patient's arm by mercury sphygmomanometer after he or she rested for 60 min in supine position. SBP was defined as Korotkoff phase I (appearance of sound), and DBP was defined as Korotkoff phase V (disappearance of sound), respectively. The average of triplicate measurements was used in our analysis.Participants' blood samples were also collected on the first day for genotyping and biochemical measurements.
Genotyping
The D919G polymorphism of the MTR gene was genotyped using a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method. PCR was carried out on a PTC-225 thermal cycler (MJ Research Inc., Waltham, MA, USA) using the following primers: 5¢-GAACTAGAAGACAGAAATTCTCTA-3¢ and 5¢-CATGGAAGAATATCAAGATATTAGA-3¢. The 10-ll PCR reaction mix contained 30 ng genomic DNA, 1· reaction PCR buffer, 2.5 mM MgCl 2 , 200 lM of each deoxynucleotide triphosphate, 200 nM of each primer, and 0.25 U of Taq DNA polymerase (Applied Biosystems, Foster City, CA, USA). The initial denaturation was performed at 94°C for 3 min, followed by 14 touchdown cycles of 94°C for 30 s, 61-54°C for 30 s (a decrease of 0.5°C/cycle), 72°C for 30 s, and then followed by 30 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 7 min. Each PCR product was digested by 3 U of HaeIII (New England Biolabs, Beverly, MA, USA) at 37°C for 15 h. Digested PCR products were then loaded onto 3% agarose gel, stained with ethidium bromide, and visualized under UV illumination. The 919D allele resulted in a single band of 189 bp while the 919G allele resulted in two bands of 30 and 159 bp.
Statistical analysis
Data were analyzed using the POLYMORPHISM 2.2 software (Niu et al. 2001) , the SAS 8.02 software package (SAS Institute, NC, USA) and the FBAT software (http://www.biostat.harvard.edu/$fbat/ default.html). Hardy-Weinberg equilibrium (HWE), heterozygosity (HET) and polymorphism information content (PIC) of the MTR D919G polymorphism were assessed using genotype data of patient's parents. Blood pressure reduction was calculated by subtracting the end-point blood pressure on the 16th day from the blood pressure at baseline. Multivariate linear regression analysis was performed to estimate the association between different genotypes and blood pressure reduction by adjusting for major demographic and environmental factors including age, gender, height, weight, BMI, smoking status, alcohhol consumption, education, occupation, and baseline blood pressure. Because several enrolled patients came from one family, the generalized estimating equation (GEE) model was used to adjust for intrafamilial correlation. Since a major limitation in population-based association test is the potential confounding by population admixture, we also performed FBAT under dominant, recessive, and genetic models. Residuals of blood pressure reduction calculated from multivariate regression models were used as phenotypic traits of interest in FBAT. P<0.05 was considered statistically significant.
Results
A total of 726 Huoqiu hypertensive patients with complete genotype and phenotype data and their family relatives were finally included in the analysis. The frequencies of DD, DG and GG genotypes were 75.9, 22.8, and 1.3%, respectively. The genotype distribution of MTR D919G polymorphism was in HWE (v 2 =0.15, P>0.05), and the HET and PIC were 0.222 and 0.197, respectively. Since only as few as 5 patients carried the GG genotype, we combined them with those patients carrying the DG genotype in the further analysis. Characteristics of the enrolled hypertensive patients stratified by genotypes are summarized in Table 1 . Except for 16th-day blood pressure, there were no significant differences in age, gender, height, weight, BMI, occupation, education, smoking, drinking, and baseline blood pressure between the DD and DG + GG groups. Compared to the reference DD subjects, the DG + GG subjects had a significantly less DBP reduction (b=)2.3, P=0.010) resulting from benazepril therapy ( Table 2) . Because lipid profiles and diabetes status could also potentially influence blood pressure response to benazepril, we performed further analysis after adjustment for hypercholesterolemia (TC>5.72 mmol/l) and hyperglycemia (fasting glucose ‡7.0 mmol/l). The regression coefficients of these two variables were not statistically significant (P values for hypercholesterolemia and hyperglycemia were 0.388 and 0.669, respectively). Also, there were no significant differences in terms of both b and P values before or after the adjustment for hypercholesterolemia and hyperglycemia. (Table is not shown.) A total of 1,951 subjects from 654 families were included in FBAT analysis, and their family structures are shown in Table 3 . Finally, 157, 153, and 7 informative families were analyzed using FBAT under additive, dominant, and recessive models, respectively (Table 4) . Consistent with the result of population-based association test, both additive (Z=)2.4, P=0.018) and dominant (Z=)2.2, P=0.025) models in FBAT analysis showed that patients who carried the 919G allele had much less DBP reduction than those who carried the 919D allele. No significant association was found between SBP reduction response to benazepril and the D919G polymorphism of the MTR gene using both methods.
Discussion
Many demographic and environmental factors such as age, gender, race, diet, and drug interactions are known to influence the individual response to medications (Massie1987). Although ACE inhibitors are generally (Ding et al. 2000) . It has also been suggested that individual variation in response to drugs can be influenced by genetic factors (Evans and McLeod2003; Weinshilboum2003) . Polymorphisms in those genes encoding phase I and phase II drug-metabolizing enzymes may alter the structure, configuration, activity, or amount of protein products, and these may lead to different responses as well. Such examples include CYP2C9 variants and warfarin sensitivity (Aithal et al. 1999 ) and ADRB2 polymorphisms and isoproterenol efficacy (Dishy et al. 2001 ). In addition, polymorphisms in other genes involved in the pharmacodynamic pathway of drugs can also influence their efficacy, such as the association between FokI (+/)) polymorphism in the GNAS1 gene and blood pressure response to beta blockers (Jia et al. 1999 ). The MTR gene encodes an enzyme that catalyzes the remethylation of Hcy to methionine using a methyl group donated by 5-methyltetrahydrofolate. Based on the study in bacteria, the 919th amino acid residue is located within the adenosylmethionine-binding domain of the enzyme (Drummond et al. 1993) . Although the 919G allele of the MTR gene was also found to be associated with a lower plasma Hcy level (Chen et al. 2001; Harmon et al. 1999 ) and a decreased risk of juvenile hypertension (Kahleova et al. 2002) in previous human studies, its functional significance remains to be determined. Trough/peak ratio, calculated as the percentage of blood pressure reduction at the end of the dose interval divided by the maximum blood pressure reduction during this interval after subtracting placebo effect, is recommended to evaluate the appropriate dose interval for safe and effective control of blood pressure. But the estimates may result in a spuriously high trough/ peak ratio when nonresponders are included (Menard et al. 1994) . Since benazepril has been well approved for once-daily use (Balfour and Goa 1991) , the individual variation in drug response was then evaluated by the trough effect.
In this study, we demonstrated that the 919G allele of the MTR gene was associated with a significantly less DBP reduction after 15 days of benazepril treatment in Huoqiu hypertensive patients. Although the trend of SBP reduction was similar to that of DBP reduction, no significant association was found. It is well known that population admixture may give rise to spurious association in population-based regression analysis. FBAT, a method with the advantage of avoiding false-positive results due to population admixture, was then performed (Rabinowitz and Laird 2000) . The fact that both population-based and family-based association tests produced similar results made our findings much more convincing.
The underlying pathophysiological mechanism by which the 919G allele of the MTR gene decreases DBP response to benazepril in hypertensive subjects is still unknown. When clinically healthy subjects were under a 2-year Hcy-lowering therapy with folic acid plus pyridoxine, their blood pressure was significantly dropped (van Dijk et al. 2001) . Thus, we postulate that the 919G allele may decrease blood pressure response to benazepril through its influence on plasma Hcy level, which has the potential to affect vascular reactivity in several ways. First, Hcy can exacerbate angiotensin II-induced vasoconstriction. When aortic vascular smooth-muscle cells were pretreated with Hcy, intracellular Ca 2+ can be raised by angiotensin II well below the physiologic range (Mujumdar et al. 2000) . Therefore, angiotensin II may have an enhanced vasoconstrictive effect on patients with high Hcy levels, which could lead to a better response to benazepril. Second, a high-plasma Hcy level has deleterious effects on vascular endothelium function. Flow-mediated (endothelium dependent), not glyceryl trinitrate-mediated (endothelium independent) brachial artery vasodilation was impaired in both methionineinduced acute (Chambers et al. 1999 ) and chronic hyperhomocysteinaemia (Woo et al. 1997) . Acute hyperhomocysteinaemia also has no effect on microvascular vasodilation response to acetylcholine (endothelium dependent) or sodium nitroprusside (endothelium independent) in vivo (Davis et al. 2001 ). On the other hand, Hcy-induced inhibition of endothelium-dependent relaxation in isolated rat aorta can be prevented by captopril (Fu et al. 2003) . Since only nitric oxide-mediated vasodilation is damaged, the impact of Hcy on endothelium function may have small influence on blood pressure reduction response to benazepril. Finally, a high-plasma Hcy level might be associated with increased arterial stiffness as well as thickness (Bortolotto et al. 1999; Malinow et al. 1993; Nestel et al. 2003 ; Smilde et al. 1998) , which may lead to a poor response to benazepril. But whether blood pressure can be directly affected by an increased arterial stiffness resulting from hyperhomocysteinemia remains to be elucidated (Davis et al. 2001; Nestel et al. 2003) . Methylenetetrahydrofolate reductase (MTHFR) is another important enzyme involved in Hcy metabolism. The MTHFR gene C677T polymorphism, which is located in the predicted catalytic domain of the MTHFR enzyme, was found to be associated with a decreased enzyme activity and an elevated plasma Hcy level (Frosst et al. 1995) . Individuals carrying the mutant T allele with a higher plasma Hcy level might also have a higher blood pressure (Inamoto et al. 2003) . Thus, the T allele of the MTHFR C677T polymorphism and the 919G allele of the MTR D919G polymorphism seem to have conflicting effects in blood pressure response to benazepril. A previous study showed that subjects with the variants on both MTHFR and MTR could have extremely high-plasma Hcy levels (Feix et al. 2001) . So based on our hypothesis, it would be interesting in the future to test the association between blood pressure response to benazepril and the MTHFR polymorphism alone or in conjunction with MTR polymorphism.
In summary, our study suggests that the D919G polymorphism of the MTR gene may be a useful genetic predictor of the antihypertensive effect of short-term benazepril therapy in hypertensive patients of Anhui Province, China. It is of note that a recent investigation found additional regulatory, splicing-site, or missense polymorphisms in the MTR gene (Watkins et al. 2002) . Since haplotype studies may offer more statistical power and reveal new biological insights than single-marker studies (Niu et al. 2002) , it is also important to further study the relationship between benazepril efficacy and haplotypic effects (i.e., ''combined effects'' of multiple polymorphisms located within the same gene) of the MTR gene.
